Thus (119) Equations developed previously for the titration of fibrous proteins with acids are shown to accord with extant data for the adsorption of dyes in the presence of salt. The contribution of particular groups in the dye molecules to the free energy of adsorption is determined, and the influence of the valency of the dye ion is related to the potential on the protein fibre. The effect of temperature on the ionic equilibria is calculated, and estimated experimentally for a simple dye using a rapid 'null' method for the attainment of equilibrium.
I n t r o d u c t io n
In Part I (Gilbert & Rideal 1944, quoted as (I) ) the adsorption of pure acids by fibrous proteins was examined. It was shown that equal numbers of anions and cations were adsorbed by an initially isoelectric fibre, the fibre as a whole becoming positively or negatively charged to achieve this equivalence.
I . F a c t o r s in f l u e n c i n g t h e a f f i n i t y o f d y e s
Ions are bound to proteins by electrostatic forces arising from the net charge of the protein, and by more specific forces of shorter range involving the immediate environment of the ions. With this in mind, consider wool keratin'in equilibrium with dilute sulphuric acid, sodium sulphate and the sodium salt of a dye acid such as Orange 2G. If the dye is fairly simple, it can be stated in broad outline how the equilibria will be affected by changes in the relative amounts of the constituents (cf. Hallitt 1899 , Bancroft 1914 , 1915 .
Protons and dye anions are strongly adsorbed through their high affinity for keratin. If equivalently there are more protons present than dye ions, sulphate ions are adsorbed appreciably in spite of their low intrinsic affinity; if there are less protons than dye ions, sodium ions are adsorbed.
Assuming that equilibrium can be reached, the final distribution of ions is deter mined by their intrinsic affinities and concentrations. A model was used in (I) to express this quantitatively, and involved assigning to the fibre an equal number of positive and negative sites on which anions and cations respectively were randomly distributed. No allowance was made for the adsorption of more than one ion on the same site, nor for the adsorption of one kind of ion by more than one type of site. That there are circumstances when more than one type of site comes into play is obvious from the titration curves of keratin titrated with weak acids. I t is probable that charged molecules with a very high intrinsic affinity for keratin (even when they contain such strongly ionized groups as -SO3) can be adsorbed by other than posi tively charged sites, and then perhaps form sites themselves for the adsorption of cations. In addition, the more complex the anion adsorbed, the less is it likely to be legitimate to treat all the positive sites as identical. 'However, if the simple model fails, it will be difficult to determine what approximations to apply, for other factors come into play. Thus molecules as large as dye anions probably find some sites extremely difficult to reach at temperatures which do not cause fibre decomposition, and may furthermore undergo aggregation through the very forces th at confer their high affinity.
For the ideal system represented by the model, it was shown in (I) th at the fraction 6i of the total sites occupied by an ion of type i and valency Z was given by (cf. equation (31) 
if activity coefficients in solution are neglected. R is the gas constant, T the absolute temperature, Ci the concentration of the ion in the solution, F the Faraday, t}r the fibre potential, and Afii the intrinsic affinity. (I) should be consulted for the precise definition of the symbols.
The term g ^ j plays a similar role in the fibre to th at of the concentration G in solution, and is increased by decreasing the adsorption of other kinds of ions of the same sign, or by reducing A/ii or Zifr. This can be illustrated by some experi ments of Speakman & Clegg (1934) .
The influence of the valency of a dye ion
First, find how the potential xjr will vary if sodium sulphate is increased in con centration in the system wool keratin, H 2S0 4, Na2S0 4, NazZ) (where I) is a dye anion of valency Z). To correspond to the conditions of Speakman & Clegg's e ments, let it be supposed th at the sulphuric acid present is insufficient to saturate the fibre, but is still in fair excess compared with the dye, and let the volume of the solution per unit weight of fibre be small enough for most of the protons present to be adsorbed. They will be accompanied by the majority of the dye ions, and also by sulphate ions almost sufficient in number to neutralize the change resulting from the protons and dye ions. When the salt concentration is low adsorbed sodium ions can be neglected, since under the conditions above the fibre is positively charged, and the affinity of the sodium ions is reduced to a very low value indeed by electrostatic repulsion.
Rewriting equation (1) with Z = 2 for the sulphate ion, repl external sulphate ion concentration), and allowing for the ion being negative,
is obtained for the fibre potential. The expansion of (1 -is (1 -^so4 -i where dD is the fraction of anion sites occupied by dye ions. I t is practically in dependent of S0 4, since 0SOi, dD and dH do not vary very much. To a rough degree of approximation, therefore,
for low concentrations of salt, and the potential is controlled by the amount of sodium sulphate added to the external solution. As the salt concentration is increased, however, 0Na becomes more important. This leads to an increase in 0SOi which counteracts the external increase in sulphate-ion concentration, and results in a progressively slower rate of decrease of potential. Ultimately a limiting potential would be reached asymptotically if the terms were independent of the salt concentration. In practice, salting out of the non-polar part of a dye must occur and Ayi decrease, but for present purposes it is sufficient to realiz that the fall in potential is only given by equation (3) at low salt concentrations (cf. figure (2) (I)).
The change in potential is mirrored by the change in the distribution of the dye ions in accordance with equation (1). Substituting from equation (2) 
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Under the conditions of Speakman & Clegg's experiments, nSOi and {A-ni -wSOi) were fairly constant. Increasing quantities of sodium sulphate were added to the dye solution, kept at boiling-point, and measurement made of the amount of dye in the solution. From their results log (nJCi) has been calculated, and this quantity plotted against logS04 in figures 1-6, taking as an approximate measure of the latter the amount of sodium sulphate added per litre of solution.
I t is evident th at at low concentrations of salt equation (5) expresses the correct dependence of the slope of log (wi/C'i)/logS04 on the valency of the dye ions (the theoretical slope is indicated in each case), but at higher concentrations departures occur in the expected direction. log SO. lo g SO, th eo retica l slop e. th eo retica l slop e. Influence of the constitution of the dye The curves allow the influence of a further factor to be seen. Dyes with the same valency Z are equally affected by changes in the non-specific force due to the fib charge. 'Desorption' curves for such dyes are not necessarily superimposed, how ever, because each dye has an individual value for its intrinsic affinity In fact, the vertical displacement of one curve with respect to a parallel curve for another dye is a direct measure of the difference in for the two dyes. By relating such differences to the corresponding change in structure, it is possible to find what increment of chemical potential is conferred by particular elements of structure. Since the curves for a given valency are parallel, any pair of corresponding points can be selected to obtain this information. A number of dyes measured by Speakman & Clegg at only one concentration of sulphate ion can then be included. In table 1 the value of E T In (nfC^ has been calculated for a number of the simpler dyes their paper. Their numbering of the dyes has been retained, and their paper should be consulted for details of the structures and purity of the dyes. Dye no. 3 has been omitted, since there is doubt about its identity. In table 2 pairs of dyes have been selected to obtain the increment corresponding to a benzene ring. Although the values of the increment are all of the same order, it cannot be said from these figures to what extent the increment depends on the molecule as a whole; and further work with refined methods of purification, and the elimination of the approximations from the terms in equation (5), would be needed for that purpose.
The substitution of a benzene ring for a methyl group gives a dye molecule of greater affinity, as can be seen from table 3. Comparison of the average increment here of -0 7 7 kcal. with the previous average in table 3 of -1-34 kcal. suggests that a methyl group corresponds to an increment of -0-57 kcal.
A different situation arises when an -SO3 group is added to a dye ion. The valency is increased by one, and the net effect on the adsorption of the dye ion is determined by the sum of the electrostatic contribution i/fF , and the change in intrinsic affinity (i.e. in d/q). If the fibre potential is high (i.e. little sodium sulphate is present) the adsorption tendency of the dye is greatly increased because ijsF is large and negative, but when much salt is present, the increase in the hydrophilic character of the dye, through the masking of a benzene ring, is no longer outweighed by the electrostatic term. The adsorption of the more highly charged dye ion is therefore less in strong salt solution than that of the less charged ion, in contrast to the position in dilute salt solution.
The decrease in -A[ii per SO3 group seems to get less as the number of -SO3 groups increases, but the evidence is too scanty to formulate rules as yet. The three 
II. T h e t e m p e r a t u r e c o e f f i c i e n t o f t h e i o n i c e q u i l i b r i a
The relations above hold for the particular temperature of the experiments.
Frequently the value of
Afit for an ion is strongly temperature depe various equilibria are considerably altered between the temperature limits of 0 and 100° C (Wyman 1939; Steinhardt, Fugitt & Harris 1940). Some care is necessary as before in distinguishing between dissolved and fibrous proteins. In the adsorption of a single pure acid by a dissolved protein, it is known that if the anion has very little affinity for protein, hydrogen ions are adsorbed in the acid region of the titration curve practically without accompanying anions, and against an increasing positive potential. The differential heat of adsorption of the protons should therefore decrease with increasing saturation of the fibre. However, one would expect the magnitude of this effect to be small, from the very fact that the potential is not great enough to ensure the adsorption of anions.
Fibrous proteins, on the other hand, cannot adsorb protons without accompanying anions, and the sum of the heats of adsorption of protons and anions is obtained, instead of the heat of adsorption of the protons alone. The fibre potential does not affect this sum, as its contribution is equal and opposite for the cations and anions.
It should be noticed that this potential must vary with temperature, since it depends on the values of A/ii for the various ions.
In deriving heats of adsorption from the values of the chemical potential in the two phases, solution and fibre, it is simplest to consider first the adsorption of a single acid with an anion of type i and valency Z.
An intrinsic partial molar heat of adsorption AHi can be defined for each ion which will correspond to the intrinsic affinity AjLit , and which will be the part of the heat which does not arise from the fibre potential. The fact th at the temperature coefficient of the chemical potential throughout the system must be one-valued can then be taken into account, if the chemical potential of the ion is to remain unique, and expressed for an anion by On the other hand, if Ci is kept constant by the addition of the sodium salt of the acid, and if sodium ions are not appreciably adsorbed,^a
cid = d(T/T)
It can therefore be predicted that for univalent anions at a low but constant ionic strength, the change of pH with temperature for a given fibre content of acid is twice as great as it would be for solutions of pure acid, because the whole brunt of correcting for changes in A[ii and zl/% then falls on the hydrogen ions. -Direct experimental evidence for this is lacking because the temperature coefficient is very small for the 'acid' titration curve, but it follows automatically if titration curves such as those for HC1, KC1 mixtures in figure ((1), I ) hold at different temperatures. Returning to the example presented by dyeing, it is seen that since the important ratio nijCi is determined by the difference term (J/^-J/tS04), the temperature coefficient of nJCi is determined largely by the corresponding term ( A^ -bZ AHSOi) or equivalently by (AHGzi -%Z AHGiSOt) , where AHGjsi is the partial molar heat of adsorption of the dye acid Hz i, and ^# h2 so4 fhat sulphuric acid.
When the experimental conditions are adjusted so that --0l) is constant, differentiation of equation (5) 
With properly controlled conditions, it is therefore possible to obtain the heat of replacement of a dye ion by an equivalent number of sulphate ions. Equation (13) was tested experimentally for a relatively simple case. A pure sample of the non-aggregating dye below was provided by the research department of Messrs I.C.I. (Dyestuffs Group) Ltd., and used to dye a specimen of fine quality wool very kindly given by Professor J. B. Speakman.
In such experiments the temperature coefficient of the term ^ J i s required
$ I_ SO4-J over as wide a range as possible. The problem of getting equilibrium at high tem peratures must therefore be faced, in spite of decomposition of the keratin, and at low temperatures in spite of the slow diffusion of the dye ions. Some appreciation of the latter difficulty can be obtained from the study made by Speakman & Smith (1936) of the rate of adsorption by various types of keratin of Orange 2G (an isomer of the dye used here). These authors determined an apparent relative value of the diffusion coefficient k of this dye in terms of the initial value of Q/*Jt, where Q is the amount of dye adsorbed in time t. By analogy with diffusion into a semi-infinite slab, this ratio is at first constant and proportional to provided the surface con centration of dye remains constant. The latter condition appeared to be moderately satisfied. The values of Q /fi obtained by these authors have been plotted against the reciprocal of the absolute temperature in figure 7. It is apparent that the diffusion of dye ions through keratin is an activated process, and one, moreover, requiring a high energy of activation. In the case of human hair this energy is of the order of 28kcal., and for mohair about 23kcal. A many thousandfold decrease in the diffusion coefficient therefore occurs if the temperature is lowered from 100 to 0° C.
The apparent decrease in the energy of activation at high temperatures in the presence of salt is due to the increasing unsaturation of the surface. The number of dye ions rather than their activity appears to be the relevant factor, and when the surface is unsaturated this number becomes temperature dependent. In n / 10 Na2S0 4 solution, the rate of dyeing does not increase above 60° C, probably because the rate of decrease of the number of dye ions at the surface (determined by a heat of exchange with sulphate ions of about 10 kcal.) just balances the increase in the diffusion coefficient (Q/^jt varying in accordance with 23/2 kcal.). varies with the origin and history of the wool fibre. It is therefore imperative to use the same sample of dyed wool for measurements of the temperature coefficient. A stock sample containing a known amount of dye acid and sulphuric acid can be prepared by dyeing at a fairly high temperature (e.g. 90° C) in the presence of salt, filtering at this temperature, centrifuging, and washing at 0° C with small quantities of water to remove decomposition products and salt. After centrifuging, brief warming restores complete equilibrium. Washing a part of this sample at 0° C with a small quantity of salt solution of a chosen strength, and centrifuging, then prepares a specimen for work in the given salt solution.
If now the temperature of such a treated sample is changed, the very small amount of residual solution immediately comes into new equilibrium owing to the minute amounts of dye and acid involved. This new equilibrium can be found experimentally by putting the fibre into a minimal amount of a solution previously adjusted to approximately the required concentration of dye, salt and acid. Final equilibrium is reached almost immediately, even at 0° C. The approximately adjusted solution is conveniently prepared by adding samples of the same dyed fibre at the given temperature to a solution containing the correct concentration of salt and then replacing them by the final sample. Indeed, one often finds, if the volume of solution relative to the fibre is kept small, that a single sample added to a salt solution of approximately the correct pH, will give within the time required for the temperature to become uniform, a concentration of dye that is unchanged by the addition of further samples. An alternative method, but one often not as convenient, is to flow salt solution through a column of dyed wool, when the upper part of the column plays the part of the preliminary samples. 
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An adsorption cell which was found suitable for equilibrating solution and fibre is drawn in figure 8 . It was immersed in a thermostat, and arranged so th at about 3 ml. of solution could be drawn back and forth through a tightly packed mat of fibre ( c a. 0-5 g.). Removal of solution for analysis was carried out by increasing the pressure on the left-hand side (see figure) after removing the membrane over the fine capillary which leads from the arm containing the wool. The dye content of the solution was estimated polarographically by comparing the reduction wave height with that of standard solutions of dye.
Some measurements obtained by this null method, which avoids decomposition at high temperatures and lack of equilibrium at low, besides keeping the fibre content constant, are given in table 5. These results are presented graphically in figure 9 . They are only exploratory, and do not possess the accuracy th at could be from which it is found that at 90° C (A^ -Aju,SOi) is approximately -3000 cal., whereas the above results show (A^ -AHSOi) to be approximately -10,000 cal.
Hence (A8i-A S 80t) = -= -1 9 cal./degree. Much greater restriction seems therefore to apply to the large heteropolar dye molecule within the fibre than to the smaller sulphate ions.
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